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The environment and unique balance of molecular
forces within lipid bilayers has a profound impact
upon the structure, dynamics, and function of
membrane proteins. We describe the biophysical
foundations for the remarkable uniformity of many
transmembrane helices that result from the molecu-
lar interactions within lipid bilayers. In fact, the char-
acteristic uniformity of transmembrane helices leads
to unique spectroscopic opportunities allowing for
f,c torsion angles to be mapped directly onto solid
state nuclear magnetic resonance (NMR) PISEMA
spectra. Results from spectral simulations, the solid
state NMR-derived structure of the influenza A M2
proton channel transmembrane domain, and high-
resolution crystal structures of 27 integral membrane
proteins demonstrate that transmembrane helices
tend to be more uniform than previously thought.
The results are discussed through the definition of a
preferred range of backbone f,c torsion angles for
transmembrane a helices and are presented with
respect to improving biophysical characterizations
of integral membrane proteins.
INTRODUCTION
The a helix was first proposed by Pauling as a potential protein
structural element based upon stereochemical principles, pep-
tide planarity, and hydrogen bonding patterns (Pauling and
Corey, 1950, 1951; Pauling et al., 1951). Since the debut of these
seminal papers, the geometry, amino acid composition, and
hydrogen bonding characteristics of a helices fromwater soluble
globular proteins have been discussed in detail (Baker and Hub-
bard, 1984; Jeffrey and Saenger, 1991; Shanahan and Thornton,
2005). Unfortunately, the characterization of transmembrane
a helices from integral membrane proteins has lagged behind
due to the inherent challenge of structurally characterizing this
class of proteins. The balance of the molecular interactions
that stabilizes proteins in membrane environments in compari-
son to bulk water has a dramatic effect upon the structure and
uniformity of helices within the membrane environment (Cramer
et al., 1992; Kim and Cross, 2002; Spencer and Rees, 2002).
We describe the biophysical foundations for the uniformity of
transmembrane a helices through an analysis of high-resolutionStructurintegral membrane protein crystal structures and solid state
nuclear magnetic resonance (NMR) spectroscopy.
The organization of lipid bilayers has important consequences
for protein dynamics and chemistry. The interior of lipid mem-
branes are essentially devoid of water, resulting in a steep water
concentration gradient from bulk water outside the membrane
through the polar interfacial region into the apolar hydrocarbon
core. Significant gradients also exist across the membrane for
lipid dynamics (Seelig and Seelig, 1974; Brown et al., 1979; Mar-
rink and Berkowitz, 1994), lateral pressure (White and Wiener,
1994; Cantor, 1999), and dielectric constant (White and Wiener,
1994). These gradients have profound influences upon the struc-
ture and uniformity of transmembrane a helices. In fact, the pre-
dominantly hydrophobic amino acid composition for residues
exposed to the bilayer hydrocarbon core and biased segregation
of charged and polar residues toward the termini of transmem-
brane helices (Nilsson et al., 2005) reflects the importance of
the dielectric constant gradient within lipid bilayers. Water is
a catalyst for hydrogen bond rearrangements (Xu and Cross,
1999) and the absence of water from the membrane hydrocar-
bon core dictates that hydrogen bond rearrangements within
the membrane are infrequent. The absence of water and low
dielectric of the hydrocarbon core result in significant energetic
penalties for disruptions and distortions in the helical structure
that result in lengthening or even breaking of hydrogen bonds
that expose carbonyl groups to the low dielectric environment
(White and Wimley, 1999; Popot and Engelman, 2000).
The hydrocarbon core of membrane bilayers is quite similar to
the in vacuo environments used for early simulations of a helices
(Donohue, 1953); a low dielectric environment devoid of water. It
is not surprising, then, that the transmembrane a-helical back-
bone torsion angles from the in vacuo calculations are similar
to the ‘‘ideal’’ values of 4 = 60 and c = 45 (Wang et al.,
2001; Kim and Cross, 2002), the mean torsion angles observed
for residues within a helices exposed to hydrophobic environ-
ments (Blundell et al., 1983). These values differ slightly from
the mean values for a helices observed in water soluble proteins
of 4 =64.7 and c =39.8 (Smith et al., 1996). Although this is
only a 5 difference, it has a significant effect on the electrostatic
surface of the helix. The exposure of helix backbone charges,
particularly from the carbonyl oxygens, to the surrounding envi-
ronment is, in part, a function of the orientation of the charged
groups. This orientation can be characterized by the peptide
plane tilt angle (d). Globular water soluble a helices exhibit a pep-
tide plane tilt angle of 11.9, based on the backbone torsion an-
gles for this class of proteins (Smith et al., 1996), compared with
a value of 8.2 for transmembrane a helices (Figures 1A–1C)e 16, 787–797, May 2008 ª2008 Elsevier Ltd All rights reserved 787
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Spectral Mapping of Torsion AnglesFigure 1. Peptide Plane Tilt Angles and the
Ramachandran-d Diagram
The peptide plane tilt angle (d), defined as the an-
gle between the peptide plane normal n and the
helix axis hZ minus 90
, is sensitive to variations
in 4,c backbone torsion angles. Mean values for
globular a-helical torsion angles (A) of 4 = 65
and c = 40 result in d = 11.9. An ‘‘ideal’’ trans-
membrane a helix (B) with 4 = 60 and c = 45
results in d = 8.2. The decreased value of d trans-
lates structurally to carbonyl oxygens in trans-
membrane a helices that are less exposed to the
surrounding environment in comparison to globu-
lar protein a helices. The sensitivity of d to 4,c tor-
sion angles is illustrated bymapping peptide plane
tilt angles from helices with uniform torsion angles
onto backbone torsion angle plots to yield the
Ramachandran-d diagram (C).resulting in decreased exposure of the carbonyl partial charges to
the surrounding environment for the transmembrane a helices.
The difference in exposure of carbonyl oxygens is a consequence
of the dielectric constant, water concentration and amino acid
composition. The high dielectric of bulk water shields the charge
on the carbonyl atom and the prevalence of water allows for ad-
ditional hydrogen bonding opportunities. In contrast, the low di-
electric within the membrane hydrocarbon core provides very
poor shielding of the carbonyl oxygen charge and the absence
of water and hydrophilic residues from this region dramatically
lowers the potential for secondary hydrogen bonding.
In water soluble proteins, helical carbonyl oxygens commonly
accept a second hydrogen bond either from a side-chain or from
water (Baker and Hubbard, 1984). Helical distortions can thereby
be the result of amino acid composition (Barlow and Thornton,
1988) or distortions in peptide bond geometries (Chakrabarti
et al., 1986) and are very commonly solvent-induced (Blundell
et al., 1983). Transmembrane a helices in comparison are coerced
by the surrounding environment to be less susceptible to these788 Structure 16, 787–797, May 2008 ª2008 Elsevier Ltd All rights rdistortions. In fact, the energetic penalty for distorting hydrogen
bond geometry provides a strong barrier to distortions in trans-
membrane a-helical structure. This concept is reinforced by the
common presence of proline and glycine in the middle of trans-
membrane a helices, frequently resulting in little helical distortion.
While typically thought of as ‘‘helix breakers’’ for globular proteins,
these amino acids can be thought of as ‘‘pro-kink’’ sites that may
allow for, but do not necessarily cause kinks, bends, or even
significant distortions in the transmembrane helical structure.
The uniformity of transmembrane helices is evident from solid
state NMR studies of integral membrane proteins and trans-
membrane peptides. High-resolution characterizations of trans-
membrane a-helical structure using the PISEMA pulse sequence
(Wu et al., 1994) correlate anisotropic 15N chemical shifts and
15N-1H dipolar couplings (Figure 2A) from the polypeptide back-
bone (Ramamoorthy et al., 2004). These experiments provide an
exquisitely sensitive probe for transmembrane a-helical struc-
ture in oriented liquid crystalline lipid bilayer preparations and
can determine the orientation of amide bond vectors to within 1Figure 2. PISA Wheels in 15N-1H PISEMA Spectra
The PISEMA pulse sequence correlates the amide 15N-1H dipolar coupling (n//, blue) with the anisotropic
15N chemical shift tensor (s11, s22, s33, red). The ori-
entation of each amide bond can be determined with respect to the magnetic field vector,B0. Transformation of the principal axis frame for each peptide plane to
the helix axis frame allows for the tilt (t) and rotation (r) of the helix to be calculated with respect to B0 (A). For oriented bilayer samples of membrane proteins and
peptides, in which the lipid bilayer normal is aligned parallel toB0, the orientation of each amide bond vector and therefore the tilt and rotation of the helix axis can
be determined with respect to the lipid bilayer. For helices in these structures, characteristic PISA wheel patterns emerge from PISEMA spectra (B) in that the 15N
resonances from the peptide backbone are distributed on the surface of these wheels. These patterns allow for immediate identification of the tilt of the helix axis
with respect to the membrane bilayer.eserved
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Spectral Mapping of Torsion AnglesFigure 3. Transmembrane Helix 4,c Tor-
sion Angle Variations in Crystal Structures
The scatter in observed 4,c backbone torsion an-
gles for residues in transmembrane helices is, in
part, a function of structural resolution. The rms
variation decreases as the resolution of the struc-
tures improve. A plot of the rms variations for 4,c
angles within transmembrane helices of 27 inte-
gral membrane protein crystal structures solved
at resolutions ranging from 1.55 to 3.7 A˚ illustrates
the decrease in variance as structural resolution
improves (A). A line of best fit through the data
highlights this trend (A). A Ramachandran-d dia-
gram (B) demonstrates the decrease in variance
of 4,c as resolution improves with four structures
of bacteriorhodopsin solved at 1.55 A˚ (1C3W,
red), 1.9 A˚ (1QHJ, green), 2.35 A˚ (1AP9, blue),
and 3.5 A˚ (1BM1, black). For each structure an el-
lipse encircling 90% of the data is shown.(Quine et al., 2006). High-resolution studies of membrane
proteins using PISEMA spectra have revealed patterns of reso-
nances known as polarity index slant angle (PISA) wheels
(Marassi and Opella, 2000; Wang et al., 2000). These patterns
represent an image of a helical wheel with 3.6 resonances per
turn reflecting the 3.6 residues per turn in an a helix. The size,
shape, and position of the PISA wheel in the PISEMA spectrum
(Figure 2B) independently reflect the tilt of the helix axis with re-
spect to the magnetic field. For the samples discussed herein,
the bilayer normal is positioned parallel to the magnetic field,
thus the PISA wheels reflect the tilt of the helix axis with respect
to the bilayer normal. It is possible that PISA wheels may be
blurred or even eliminated due to increased resonance disper-
sion caused by a number of factors, including variations in chem-
ical shift and dipolar tensors or variations in backbone torsion
angles. Whereas chemical shift tensors for glycine residues are
significantly different from other residues, the variation among
nonglycine residues is relatively small (Poon et al., 2004). Varia-
tions in the relative orientations of the 15N chemical shift tensor
and 15N-1H dipolar interaction may also occur (Wang et al.,
2000, 2001; Li et al., 2007b); however, these variations are also
small. For example, the angle between the 15N chemical shift
tensor and the 15N-1H dipolar interaction has been shown by
ab initio calculations to vary by only 2 (Brender et al., 2001)
and experiments have observed even smaller variations for
amembrane bound peptide (Mai et al., 1993). Despite these pos-
sible perturbations on the resonance frequencies, PISA wheels
have been observed for a number of transmembrane proteins
and peptides (Park et al., 2003; Traaseth et al., 2006; Du¨rr
et al., 2007; Li et al., 2007a; Page et al., 2007). Using solid state
NMR data and spectral simulations, combined with an analysis
of 27 integral membrane protein crystal structures we demon-
strate here that transmembrane a helices can be, as a result of
the lipid bilayer environment, highly uniform structures.
RESULTS
Uniformity of Transmembrane a Helices
X-ray crystallography has provided the majority of structures for
transmembrane a-helical proteins to date. While structures
calculated from crystallographic data are typically displayed asStructurethe single lowest energy structure, the inherent ambiguity of
fitting the protein to the electron density map allows for a family
of multiple structures to be fit (Levin et al., 2007). The dispersion
in this family is correlated with the resolution of the experimental
data.Higher resolution electron densitymaps restrict the rangeof
possible structures that can be fit, more narrowly defining the
family. As demonstrated in Figure 3A, the root mean square
(rms) variation of 4,c torsion angles for residues in transmem-
brane helices of 27 proteins decreases as the structural resolu-
tion improves.Remarkably, the rmsvariation in torsion angles ap-
proaches 5 for the 1.5 A˚ resolution structures. This trend is also
apparent in the examination of four bacteriorhodopsin structures
(1C3W, 1QHJ, 1AP9, and 1BM1) with resolutions ranging from
1.55 to 3.5 A˚ (Figure 3B). The Ramachandran-d plot in Figure 3B
illustrates that for this series of structures, the rms variation de-
creases as the resolution improves. Additionally, peptide plane
tilt angles less than 0 are avoided in the high-resolution struc-
tures. It is apparent from Figure 3B that the torsion angle distribu-
tion is asymmetric (i.e., elliptical) being relatively narrow along the
d lines and broader orthogonal to these lines. Furthermore, there
is a relatively sharp cutoff around a peptide plane tilt angle of 4
and a distinct distribution tail to high d values.
Figure 4 illustrates the influence of random variations in f and
c torsion angles on the calculated PISA wheels (Nevzorov and
Opella, 2003; Page et al., 2007), the resonance patterns ob-
served in solid state NMR PISEMA spectra. Simulated PISEMA
spectra are based on an 18 residue transmembrane helix (f =
60, c = 45) tilted at 30 with respect to the bilayer normal
and B0, the axis of the magnetic field of the NMR spectrometer
(Figure 4A). Further simulations vary the f,c torsion angles ran-
domly and independently for each residue within ± 4, 8, or 16
of the ideal values (Figures 4B–4D). While the PISAwheel pattern
is clearly observable for cases in which the variation in backbone
torsion angles is less than 8, the pattern essentially disappears
when the torsion angles have a variation of ± 8 or greater (Fig-
ures 4C and 4D). Interestingly, PISA wheels have been observed
in solid state NMR spectra for a number of integral membrane
proteins and peptides, including influenza A M2 proton channel
(Wang et al., 2001), phospholamban (Traaseth et al., 2006), ace-
tylcholine receptor M2 (Opella et al., 1999), fd filamentous phage
major coat protein (Marassi and Opella, 2003), HIV-1 virus16, 787–797, May 2008 ª2008 Elsevier Ltd All rights reserved 789
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Spectral Mapping of Torsion Anglesprotein ‘‘u’’ (Park et al., 2003), sarcolipin (Buffy et al., 2006),
cytochrome b5 (Du¨rr et al., 2007), and several others (Li et al.,
2007a; Ramamoorthy et al., 2007). The repeated observation
of PISA wheels throughout the literature (some of which are
shown in Figure 5) suggests that if the dispersion in the chemical
shift and dipolar dimensions is dominated by variations in f,c
torsion angles, then the variation in f,c torsion angles may be
as large as ± 4 for peptides and ± 6 for proteins (Page et al.,
2007). Because we know that chemical shift tensor variations
can be significant, the observed structural variations represent
a maximum value, and the actual variation is likely to be less
than ± 4 or ± 6. Such a small variation means that the PISA
wheels observed in the literature indicate that transmembrane
a helices are often remarkably uniform structures.
Effects of Transmembrane Helix Dynamics
upon PISA Wheels
It is important for structural characterizations to interpret
PISEMA spectra in light of motionally averaged spin interaction
tensors. We have previously shown that the tensors character-
ized from lyophilized samples of peptides reflect a motionally
Figure 4. Perturbation of PISA Wheels through 4,c Torsion Angle
Variations
PISEMA spectra for an 18 residue a helix tilted at 30 with respect to B0 were
simulated with increasing variation in f,c torsion angles. Backbone f,c torsion
angles were varied randomly and independently for each residue to within ± 4
(B), ± 8 (C), or ± 16 (D) from the values of f = 60, c = 45 (A). For each
simulated PISEMA spectrum a Ramachandran-d diagram is shown. PISA
wheel patterns (blue line) are clearly evident for simulations with 0 or ± 4
variation in f,c torsion angles as shown through the sequential trace of
resonances (thin black line); however, these patterns become blurred and
disappear for variations of ± 8 and greater.790 Structure 16, 787–797, May 2008 ª2008 Elsevier Ltd All rights reaveraged state compared with flash-frozen bilayer preparations
characterized at 140 K or below and that the tensors obtained
from lyophilized samples are appropriately averaged for the in-
terpretation of PISEMA spectra (Wang et al., 2000, 2001; Lazo
et al., 1995). To illustrate that large amplitude motions are not
present at a frequency that is high enough to average the observ-
ables, spectral simulations are shown in Figure 6 for three
models illustrating fast motions.
Figure 5. 15N-1H PISEMA Spectra of Transmembrane Peptides
PISEMA spectra of the transmembrane a-helical peptides CorA-TM2 (A),
KdpC-TM (B), KdpF (C), and M2-TMD (D) are characterized with PISA wheels
for ideal transmembrane a helices (blue line) corresponding to helical tilts of
27, 35, 34, and 32, respectively. The resonances within the transmem-
brane helices of each peptide can be roughly bounded by PISA wheels
corresponding to peptide plane tilt angles (d) of 4 and 12 (a difference of
approximately ± 4 from the peptide plane tilt angle for an ideal transmem-
brane a helix).served
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tude about the helix axis (Figure 6A) results in uniform collapse of
the PISA wheel. It is important to recognize that the only variable
used to simulate the PISA wheels is the tilt angle of the helix. Vir-
tually the same tensors and the same relative orientation of the
tensors have been used in all of the publications and for the sim-
ulations of 10 different proteins and peptides from our labora-
tory. If present in observed spectra these smaller wheels would
immediately indicate the presence of such motions. Based on
hydrogen/deuterium exchange experiments (Tian et al., 2003)
and cross-linking studies in many laboratories (Hughson et al.,
1997) we expect this sort of motion to occur on a millisecond
to kilosecond timescale, but not on the microsecond or sub-mi-
crosecond timescale necessary for scaling the spin interaction
tensors. A second motion characterized as a wobbling of the
helix axis of variable amplitude with respect to the bilayer
(Figure 6B) causes both a reduction in size and a shift in the cen-
ter of the wheel. A third motional mode is in the form of a gener-
alized order parameter motion ranging from 0 (isotropic) to 1
(tensor values used throughout this manuscript and previous
Figure 6. PISA Wheel Perturbations Due to
Dynamics
PISA wheels overlaid onto the PISEMA spectra of
M2-TMD (black) were simulated with varied dy-
namic motions. Wheels for a helix undergoing
fast rotation (r) about the helix axis of ± 0 (red),
± 20 (green), ± 30 (cyan), ± 40 (blue), and
± 50 (magenta) illustrate the collapse of the wheel
(A). Wheels for a wobbling helix experiencing
changes in helix axis tilt (t) with respect to B0 of
± 0 (red), ± 10 (green), ± 15 (blue), and ± 20
(magenta) illustrate a shift in position and decrease
in size of the wheel (B). Variations in helix tilt and
rotation are Gaussian distributions with width at
half-height values of ± x. Helices with increased
motion characterized by the generalized order pa-
rameter S2 give rise to PISA wheels that collapse
and shift toward isotropic values for the chemical
shift and dipolar coupling (C).
publications; Figure 6C). Again, if large
amplitude motions were present, they
would be easily recognized from the
spectra. On the other hand, relatively
small amplitude versions of these mo-
tions (e.g., ± 20 rotation about the helix
axis; ± 5 wobbling of the helix axis; or
an order parameter of 0.95) would not
easily be recognized in the PISEMA
spectra andmay therefore be present. In-
deed, evidence of low-frequencymotions
have also been observed in the broad
linewidths that appear to be the result
of both efficient relaxation and some
heterogeneous broadening (Li et al.,
2007b). It should also be noted that for
the interpretation of PISEMA spectra for
bicelle preparations an order parameter
of approximately 0.8 is used to account for the additional dynam-
ics in the bicelles (Sanders et al., 1994; De Angelis et al., 2006).
Biophysical Foundations of Transmembrane
Helix Uniformity
The uniformity observed for many transmembrane a helices
takes root from the a-helical hydrogen bond geometry and the
energetic cost in distorting this geometry from an energetic min-
imum in a low dielectric and anhydrous environment. Extensive
analyses of hydrogen bond distances and angles from globular
proteins (Blundell et al., 1983; Baker and Hubbard, 1984; Barlow
and Thornton, 1988; Jeffrey and Saenger, 1991) provide insights
into the energetic landscape for these bonds that define the
a-helical geometry. However, in globular protein a helices, back-
bone i to i+4 hydrogen bonding and backbone torsion angles are
distorted by secondary hydrogen bonding to a substantial frac-
tion of the backbone carbonyls (30%) (Baker and Hubbard,
1984). These secondary interactions contributed from water
and hydrophilic side chains serve to significantly distort the heli-
cal backbone structure, typically increasing the tilt angle of theStructure 16, 787–797, May 2008 ª2008 Elsevier Ltd All rights reserved 791
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absent in the membrane environment due to the lack of a protic
solvent and the scarcity of hydrophilic amino acids, resulting in
increased helical uniformity and decreased peptide plane tilt
angles for transmembrane a helices. Even those secondary
hydrogen bonds that do occur (e.g., Ca-HO bonds at helix-
helix interfaces) only distort the helical structure slightly (Senes
et al., 2001).
Details of the hydrogen bonding geometry in the form of the
OH distance and N-HO and C = ON angles provide
additional insight. High-resolution crystallographic results for
transmembrane a helices show OH distances of 2.0 ± 0.2 A˚,
N-HO angles greater than 140, and C = ON angles be-
tween 140 and 160 (Kim and Cross, 2002). For C = ON
angles near 120, covalent contributions to the hydrogen bond
are high, whereas for angles near 160, the electrostatic contri-
butions are enhanced (Stickle et al., 1992; Fabiola et al., 2002).
For transmembrane a helices the low dielectric environment is
expected to enhance the electrostatic contribution. These hy-
drogen bond distance and angle ranges were also observed in
the backbone structure for the transmembrane helix of the M2
proton channel (M2-TMD), which was refined against solid state
NMR data and the CHARMM empirical force field while incre-
menting the target hydrogen bond OH and NO distances
(Kim and Cross, 2002). Despite varying the weighting factor for
balancing experimental data versus the force field by an order
of magnitude a consistent minimum in the penalty function was
found at an OH distance of 2.00 A˚ and an NO distance
Figure 7. a-Helical Hydrogen Bond Geometry
Hydrogen bond distances and geometries for uniform a-helical
structures (i to i+4 hydrogen bonding pattern) vary with back-
bone f,c torsion angles. Hydrogen bond angle contour plots
for the N-HO and C = ON angles (A and B, respectively)
are highly sensitive to changes in f and c. Ideal f,c coordinates
for transmembrane a helices (asterisk) are shown for each Ram-
achandran-d diagram. We have defined a preferred a-helical re-
gion (shaded) for membrane proteins on the Ramachandran-
d diagram as the area bounded by < 160C = ON, > 140
N-HO hydrogen bond angle contours and the 2.0 A˚ and
2.4 A˚ hydrogen bond distance contours (C). Model a helices
illustrate the definitions of N-HO (D) and C = ON (E)
hydrogen bond angles.
of 2.97 A˚ (Kim and Cross, 2002). In addition, the
N-HO angle had a tight range between 155
and 175.
Hydrogen bond geometry is highly sensitive to the
backbone f,c torsion angles as illustrated in Figure 7
through bond angle contours overlaid onto Rama-
chandran-d diagrams. There are many significant
features within these plots. Almost all of the torsional
space below a line orthogonal to the d = 0 crossing
through 60,70 (4,c) is inconsistent with a-heli-
cal hydrogen bonding geometry. This sharp cutoff
is consistent with the 4,c torsion angle distributions
seen in Figure 3B. Likewise, the hydrogen bond
geometrical parameters clearly stretch out along
lines orthogonal to d = 0, as do the previously men-
tioned 4,c torsion angle distributions. By choosing
reasonable parameters for the hydrogen bonding geometry
based on these observations, we can define a preferred region
of 4,c torsion angle space for transmembrane a helices (Fig-
ure 7C). This region is defined as the area bounded by OH
distances within a range of 2.0 to 2.4 A˚, N-HO angles greater
than 140, andC =ONangles less than 160. These numbers,
while reasonable, could be modified with only a modest impact
on the 4,c torsion angle space defined by the parameters.
Note that this space is entirely within the d > 0 region of the
Ramachandran-d diagram, consistent with a uniform a-helical
structure since van der Waals and electrostatic interactions pre-
vent the carbonyl oxygen from pointing inward toward the helix
axis. The preference for positive peptide plane tilt angles for a he-
lices is consistent with that seen for 310-helices where the i to i+3
hydrogen bonding pattern results in peptide plane tilt angles near
20 (Barlow and Thornton, 1988). This preference is in contrast to
p helices for which the i to i+5 hydrogen bonding pattern results
in significantly increased spacewithin the core of the helix, allow-
ing for slightly negative peptide plane tilt angles (Low and Bay-
butt, 1952; Low and Greenville-Wells, 1953).
Spectral Mapping of Torsion Angles
While PISA wheel patterns emerging from groups of resonances
within PISEMA spectra of integral membrane proteins provide
valuable information on helix tilt and rotation, the locations of in-
dividual resonances provide even more information. Using the
preferred a-helical region of 4,c space defined in Figure 7C
and Figure 8A, we characterized the corresponding spectral792 Structure 16, 787–797, May 2008 ª2008 Elsevier Ltd All rights reserved
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Spectral Mapping of Torsion Anglesspace (Figure 8B) for some of the residues of the transmembrane
peptide of the influenza A M2 proton channel (M2-TMD). The
analysis performed herein allows for a comparison of simulated
spectra to a set of assigned experimental spectra (Wang et al.,
2001). To our knowledge, these simulations provide the first
direct examination of a range of torsion angle space mapped
into spectral space.
There are several striking features in these torsion angle maps.
The shape and even proportions of the shape in 4,c space are
remarkably reproduced in the PISEMA spectrum for residue 34.
However, for different sitesaround thePISAwheel theproportions
are stretched or compressed along various dimensions. Further-
more, the pattern rotates around the PISAwheel such that the tail
(the portion stretching down toward d = 0 in the Ramachandran-
ddiagram) alwayspoints toward thecenterof thewheel. In fact, as
shown in Figure 8C, the d contours can be mapped as a set of
PISA wheels consistent with the range of various patterns for
the individual resonances. In otherwords, all of the ‘‘tails’’ are con-
sistent with the d = 0 contour, while the ‘‘heads’’ of the patterns
are consistent with the d = 20 contour in both the Ramachan-
dran-d diagram and in the PISA wheels in the PISEMA spectra.
The 15N-1H dipolar and anisotropic 15N chemical shift interac-
tions observed in PISEMA spectra have a P2cosq angular
Figure 8. Spectral Mapping of f,c Torsion
Angles
The hydrogen bond geometry restrained torsion
angle region for transmembrane a helices in f,c
torsion angle space is illustratedwith aRamachan-
dran-d diagram (A) as in Figure 7C. Throughout
this figure the d contours are in green and the
f,c contours are in blue and red, respectively.
The restrained torsion angle region was used to
create the mapped frequency range for residues
34–39 of M2-TMD (Wang et al., 2001) that are
overlaid onto a PISA wheel (green line, d = 8)
with a helical tilt of 38 and lines demonstrating
the sequential connectivity of resonances (black
line) (B). The d-contours from f,c torsion angle
space are mapped to the PISEMA spectra as
PISA wheels (C) (green lines). Just as the re-
strained region of torsional space is contained be-
tween the d = 0 and d = 20 contours in the Ram-
achandran-d diagram (A), the PISEMA spectral
space is contained within the d = 0 and d = 20
PISA wheels (C). PISEMA spectral space with
overlaid f,c torsion angle grids are shown for res-
idues 34 (D), 35 (E), and 38 (F) as examples. These
three resonances demonstrate the compression
of torsion angle grids along both f and c as well
as twisting and folding of torsional contours in
the PISEMA spectral space.
dependence with respect to the magnetic
field. Such dependence results in a rela-
tively linear transform between structure
and frequency in certain regions of spec-
tral space and nonlinear transforms in
others. This is exemplified by themapping
of 4,c torsion angle grids directly onto the
spectral space inFigures 8D–8Fwhere it is
seen that 4,c torsion angle grid lines vary dramatically in spacing
dependent on the orientation of the specific peptide plane with
respect to the magnetic field. In addition, Figures 8E and 8F
show that torsionangle gridscanbe twistedand folded in spectral
space.
Clearly the mapped spectral space defined by our preferred
transmembrane a-helical 4,c region (Figure 7C) represents
a space that is much greater than that observed when PISA
wheels are recognized in PISEMA spectra, such as those shown
in Figure 5. In fact, the experimental data fall in a region between
the d = 4 and d = 12 lines; therefore, we propose these as addi-
tional geometric constraints for an optimized transmembrane
a-helical 4,c region as shown in Figure 9. This restriction brings
the regionmore in linewith theprevioussuggestion that theobser-
vation of PISAWheels suggest helical uniformity characterized by
4,c torsion angles with a range of ± 4 to ± 6 (Page et al., 2007).
The limitationof d to%12 is approximately equivalent to using an
N-HOangleof 155 as theminimumallowedangle asopposed
to the value of 140 initially used in Figure 7C. Interestingly, this is
the minimum observed N-HO angle in the refinement of the
M2-TMD structure as noted earlier (Kim and Cross, 2002).
Torsion angle maps may also aid in the process of resonance
assignments. Because there is an approximately 100 rotationStructure 16, 787–797, May 2008 ª2008 Elsevier Ltd All rights reserved 793
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Spectral Mapping of Torsion Anglesabout the wheel between the i and i+1 resonances, one can re-
strict the identification of the i+1 resonance to a relatively small
subset of resonances that falls into a particular angular segment
of the PISA wheel (Figure 10). The optimization of assignments
(i.e., minimizing the rms deviation on the 100 rotation between
consecutive residues) has been achieved using several ap-
proaches (Wang et al., 2000; Nevzorov and Opella, 2003; Asbury
et al., 2006). However, this study clearly shows that the angular
range for each torsion angle map about the PISA wheel, induced
by variation in 4,c torsion angles, depends on the location about
thewheel. In Figure 10 the torsion anglemaps and data points for
residues 34–39 of M2-TMD are overlaid onto the rotational coor-
dinates for a PISA wheel. Although local structure is only one
mechanism by which the resonances are dispersed, it is useful
to know for resonance assignment purposes that there are
regions of significantly lower rotational dispersion. In fact, the
variation in rotational dispersion is predominantly due to varia-
tions in the chemical shift dimension. As previously reported by
presenting the data as dipolar and chemical shift waves (Kovacs
et al., 2000; Zeri et al., 2003; Hu et al., 2007) the dipolar waves
eliminate the anisotropic chemical shift, thereby the rotational
position of residues can be more precisely defined.
DISCUSSION
It has been suggested that 310-helices may provide an additional
architecture for traversing the membrane bilayer (Engelman and
Steitz, 1981); however, 310-helices are characterized by peptide
plane tilt angles of approximately 20, which increases exposure
of the partial negative charge of the carbonyl oxygen to themem-
brane environment compared with that for an a helix. Exposing
the carbonyl oxygens to the membrane bilayer is energetically
unfavorable, and to date only a few examples of a transmem-
brane 310-helix have been observed. As an example, helix VII-
310 of subunit I from the Paracoccus dentrificans enzyme cyto-
chrome c oxidase (Ostermeier et al., 1997), is 11 residues in
length and is buried within the core of the transmembrane helical
bundle. Only two of the carbonyl groups within helix VII-310 are
exposed to the lipid bilayer, and this exposure occurs at the bi-
layer interfacial region where there are opportunities to stabilize
these charges. Additionally, residues His325 and His326 of helix
VII-310 are ligands for the binuclear metal center formed by the
CuB and heme a3 sites, and electrostatics in the region are highly
influenced by the presence of the binuclear metal center.
While departures from uniformity for transmembrane helices
have been observed by both crystallography and solid state
NMR (Hu et al., 2007), the membrane bilayer environment places
strict energetic limits on allowed conformations. Observations of
PISA wheels throughout the literature in solid state NMR are
uniformly consistent with an average peptide plane tilt angle
(relative to the helix axis) of 8. Peptide plane tilt angles of 12,
consistent with the average torsion angles in a helices of water
soluble proteins, are well outside the experimental distribution
Figure 9. Optimized 4,c Region for Transmembrane Helices
The hydrogen bond geometry-restricted 4,c region from Figure 7C (outlined in
green) can be further restricted by limiting the region to the area between pep-
tide plane tilt angles (d) of 4 and 12 resulting in the shaded region illustrated
on this Ramachandran-d diagram. The optimized 4,c region is then defined as
the area bounded by < 160C = ON hydrogen bond angle contour, 12 >
d > 4, and the 2.0 A˚ and 2.4 A˚ hydrogen bond distance contours.
Figure 10. Rotational Dispersion of Resonances in PISA
Wheels
A PISA wheel with overlaid torsion angle maps and for residues
34–39 of M2-TMD illustrates the rotational dispersion, induced
by local structural variations, expected for resonances around
the wheel. These torsion angle maps were calculated using the
optimized 4,c torsion angle region from Figure 9. The PISA wheel
is divided into 10 increments (tick marks). Resonances for
M2-TMD from 1H-15N-PISEMA data are also shown (black circles)
(Wang et al., 2001). Data points for residues 35, 36, 38, and 39
are taken from experimental measurements. Residues 34 and 37
were not observed in experimental spectra but represent pre-
dicted values based upon uniform helical geometry (4 = 60,
c = 45).794 Structure 16, 787–797, May 2008 ª2008 Elsevier Ltd All rights reserved
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Spectral Mapping of Torsion Anglesof resonances as shown in Figure 5 and in many other spectra
in the literature. Interestingly, the torsion angles originally
suggested by Pauling in 1951 (Pauling and Corey, 1951), based
on in vacuo calculations, provide a tilt angle of 8 (f = 60,
c = 45), consistent with the NMR data from many membrane
proteins and peptides.
We have seen repeatedly through solid state NMR data, spec-
tral simulations, transmembrane helix energetics (Ben-Tal et al.,
1996; Popot and Engelman, 2000), and analyses of membrane
protein crystal structures that transmembrane helices are typi-
cally highly uniform structures. The linear correlation between
crystallographic resolution and reduced torsion angle variance
clearly shows a trend toward high helical uniformity. Similarly,
the observation of PISA wheels is shown to be consistent with
a maximum variation in backbone 4,c torsion angles of just ±
6. Here, detailing the restrictions from hydrogen bond geometry
and peptide plane tilt angles refines this restriction in 4,c torsion
angle space. It is now clear that transmembrane a helices, as
a result of their amino acid composition, the lack of water in
the bilayer interstices, and the low dielectric of the environment,
have a tendency to be far more uniform in structure than their
counterparts in water soluble proteins.
EXPERIMENTAL PROCEDURES
PISEMA Spectral Simulations
Simulated PISEMA spectra were calculated using in-house scripts written for
MatLab (TheMathWorks, Natick, MA). For all PISEMA spectral simulations, the
motionally averaged dipolar magnitude (n// = 10.735 kHz) and motionally aver-
aged chemical shift tensor (s11 = 57.3, s22 = 81.2, s33 = 227.8 ppm) were held
constant based on averaged experimental data (Wang et al., 2000). The relative
orientation between the chemical shift tensor element s33 and n// of the dipolar
tensor was set to 17, consistent with previous experiments (Oas et al., 1987;
Teng et al., 1992; Hong et al., 1998) and simulations (Wang et al., 2000; Brender
et al., 2001; Nevzorov and Opella, 2003). 15N chemical shifts were referenced
to liquid ammonia at 0 ppm via a saturated solution of 15NH4NO3 at 26 ppm.
Initial PISEMA spectra were simulated for an 18 residue a helix with 0 rotation
about the helical axis (r= 0) and a helix axis tilt angle (t) of 30, while backbone
torsion angles (f,c) were allowed to vary randomly about the ideal values (f =
60, c =45) (Kim and Cross, 2002). The helix axis tilt angle (t) is defined as
the angle between the magnetic field vector B0 and the helix axis (hz) and is
defined as 0 when hz is parallel to B0. The helix rotation (r) is defined as the
rotation of the Ca atom of the first helix residue away from the plane formed
by hz and B0. The helix rotation is defined as 0
 when the Ca atom lies between
hz and B0 in the hz/B0 plane (Tian et al., 2003). Randomized variations in (f,c)
for each residue were generated using a random number generator within
MatLab. Simulations with randomized backbone torsion angle variations are
denoted as f,c = ± x. Simulations incorporating fast dynamic motions used
averaging of both chemical shift and dipolar couplings calculated for helices
with aGaussian distribution (width at half-height value of ± x) for rotation about
the helix axis or helix axis wobble. Simulations were also conducted for helices
with a decreasing generalized order parameter (S2).
Simulated PISEMA spectra using a restricted torsion angle space were
conducted for the influenza A M2 proton channel transmembrane domain
(M2-TMD) using a helix rotation (r) of 10, helix tilt (t) of 38, and the chemical
shift and dipolar tensors stated above. The restricted torsion angle space was
determined through calculations of a-helical hydrogen bond (i to i+4) geometry
for a range of torsion angles. A series of model peptides with 18 residues and
standard peptide bond lengths and angles (Arnott and Dover, 1967) were built
in MatLab and backbone f,c torsion angles were allowed to vary between
10 and 100 in 1 increments for a total of 8100 model peptides. Calcula-
tions of hydrogen bond lengths (HO) and angles (N-HO and NO = C)
were made for each model peptide and plotted on Ramachandran-d diagrams
(Kim and Cross, 2002).StructureRamachandran Plots for Proteins of Known Structure
To probe transmembrane helix uniformity, f,c torsion angles were examined
from residues within the transmembrane helices of 27 integral membrane pro-
tein crystal structures. Transmembrane helices were initially identified within
the above proteins using TMHMM version 2.0 (Krogh et al., 2001). Transmem-
brane helix termini were identified as two consecutive residues with N-HO
distances of greater than 2.5A˚. PDB codes for the 27 crystal structures
analyzed were 1C3W, 1E12, 1EHK, 1EZV, 1FFT, 1FX8, 1IWG, 1JB0, 1JGJ,
1KQF, 1L7V, 1L9H, 1LGH, 1OCC, 1OKC, 1P7B, 1PRC, 1Q16, 1R3J, 1RC2,
1RHZ, 1SU4, 1VF5, 1XQF, 2AHY, 2OAR, and 2OAU. Resolutions of the 27 an-
alyzed structures range from 1.55 to 3.7 A˚. Backbone f,c torsion angles were
determined using the Bio3d package written for the R statistical software
platform (Grant et al., 2006). Ramachandran-d diagrams and rms torsion angle
variations were calculated using MatLab.
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